Quantum measurement of amplitude fluctuation is performed by the injection of 2.5-dB amplitudesqueezed light produced by a quantum-well laser into the dark port of a beam splitter as the meter wave. It is shown that the measurements satisfy the criteria of quantum nondemolition measurement. The measured transfer coefficient and the quantum-state preparation ability are 1.07 and 0.8, respectively. © 2001 Optical Society of America OCIS codes: 270.6570, 270.2500, 140.2020 Quantum nondemolition ͑QND͒ measurement proposed first by Braginsky 1 is an approach for nondestructive measurement of observable quantum; that is, it allows one to measure observable quantum without disturbing it. The strategies are to indirectly measure the meter wave, which is coupled to a signal wave through some specially designated interaction, and then to deduce the desired information on the observable signal wave from the measurement without disturbing the signal wave. A number of experimental attempts of implementing QND measurements were performed when a signal beam was coupled to a meter beam via an optically nonlinear medium. [2] [3] [4] Other coupling methods such as optoelectrical and electromechanical coupling were also applied to perform the QND measurement. [5] [6] [7] Recently the long-standing challenge for repeated QND measurements of a continuous variable was successfully mastered 8,9 with a monolithic dual-port degenerate optical parametric amplifier. It is well known that a beam splitter is the simplest and most popular optical device in optical systems. Early it has been demonstrated theoretically that a beam splitter with a squeezed-light input can be used to implement the QND measurement. 10,11 Two such QND experiments have recently been performed in which the beam splitter was used to couple a signal wave to a nonclassical meter wave that was a squeezed vacuum wave 12 or a twin beam of intensity quantum correlation. 13 Because a squeezed vacuum wave or a twin beam is generated from an optical parametric process, the optical systems in these experiments are quite complex. The amplitude-squeezed light generated from a pump-noise-suppressed laser diode ͑LD͒ can be obtained from a compact device with intermediate optical power, large squeezing bandwidth, and rich wavelength. With some line-narrowing techniques such as injection-locking or external optical feedback, 14 -16 the amplitude squeezing of a LD has been improved to 3 dB. Several experiments of applying amplitude-squeezed light from a LD to improve the sensitivities of spectroscopic measurement have been completed. [17] [18] [19] But so far, the amplitude-squeezed light from a LD has not been used in a quantum measurement that meets QND criteria. In this paper we present the realization of a back-action-evasion measurement of the amplitude component of the signal by coupling it with the amplitude-squeezed meter wave generated from a LD on a beam splitter that acts as a QND coupler. The measured results fulfill the criteria of QND detection in the quantum region.
Quantum nondemolition ͑QND͒ measurement proposed first by Braginsky 1 is an approach for nondestructive measurement of observable quantum; that is, it allows one to measure observable quantum without disturbing it. The strategies are to indirectly measure the meter wave, which is coupled to a signal wave through some specially designated interaction, and then to deduce the desired information on the observable signal wave from the measurement without disturbing the signal wave. A number of experimental attempts of implementing QND measurements were performed when a signal beam was coupled to a meter beam via an optically nonlinear medium. [2] [3] [4] Other coupling methods such as optoelectrical and electromechanical coupling were also applied to perform the QND measurement. [5] [6] [7] Recently the long-standing challenge for repeated QND measurements of a continuous variable was successfully mastered 8, 9 with a monolithic dual-port degenerate optical parametric amplifier.
It is well known that a beam splitter is the simplest and most popular optical device in optical systems. Early it has been demonstrated theoretically that a beam splitter with a squeezed-light input can be used to implement the QND measurement. 10, 11 Two such QND experiments have recently been performed in which the beam splitter was used to couple a signal wave to a nonclassical meter wave that was a squeezed vacuum wave 12 or a twin beam of intensity quantum correlation. 13 Because a squeezed vacuum wave or a twin beam is generated from an optical parametric process, the optical systems in these experiments are quite complex. The amplitude-squeezed light generated from a pump-noise-suppressed laser diode ͑LD͒ can be obtained from a compact device with intermediate optical power, large squeezing bandwidth, and rich wavelength. With some line-narrowing techniques such as injection-locking or external optical feedback, 14 -16 the amplitude squeezing of a LD has been improved to 3 dB. Several experiments of applying amplitude-squeezed light from a LD to improve the sensitivities of spectroscopic measurement have been completed. [17] [18] [19] But so far, the amplitude-squeezed light from a LD has not been used in a quantum measurement that meets QND criteria. In this paper we present the realization of a back-action-evasion measurement of the amplitude component of the signal by coupling it with the amplitude-squeezed meter wave generated from a LD on a beam splitter that acts as a QND coupler. The measured results fulfill the criteria of QND detection in the quantum region.
First, we simply present the operation principle of the device. Assume that a beam splitter of power transmission T and reflectivity R ϭ 1 Ϫ T couples the detected signal wave to the meter wave. The relation between the input ͑X s in for the signal wave and X m in for the meter wave͒ and the output ͑X s out for the signal wave and X m out for the meter wave͒ quadrature amplitudes at the beam splitter is expressed as 12
According to the same procedure used in Ref. 13 , we can easily deduce the transfer coefficient ͑T ϭ T s ϩ T m ͒ and the normalized condition variance of the device ͑V s͞m ͒ from their original definition, 20, 21 
where T s and T m are the transfer coefficients of signal and meter waves, respectively, the signal-to-noise ratio ͑SNR͒ is defined as the ratio of the intensity of a small modulation at a given frequency ͑21 MHz for our scheme͒ for the quadrature amplitude X by the quadrature amplitude noise power at the same frequency
V S͑M͒ in͑out͒ is the fluctuation variable of the input ͑output͒ signal wave or the input ͑output͒ meter wave, and
͒ is the normalized correlation function between the output signal and meter waves.
Both the transfer coefficient and the conditional variance are used for quantifying the properties of a QND device. T characterizes the quality of the QND device as an quantum optical tap. The quantumstate preparation ability of the QND device can be conveniently evaluated by the conditional variance ͑V s͞m ͒. If the input signal and meter beams are shot-noise limited, then the standard quantum limits T s ϩ T m Յ 1 and V s͞m Ն 1 are created. When with the squeezed meter input we have 2 Ն T s ϩ T m Ͼ 1, the device operates as the quantum optical tap, 21 and meanwhile V s͞m Ͻ 1 means the readout from the output meter wave gives some exact information about the outgoing signal wave. 21 We can calculate from Eqs. ͑2͒ and ͑3͒ the transfer coefficient and conditional variance,
where V m in is the normalized quadrature amplitude fluctuation variable of the input meter wave and is the detection efficiency. In Eqs. ͑4͒ and ͑5͒ we have assumed that the input signal wave is a coherent state, i.e., V s in ϭ 1. It is obvious that for the amplitude-squeezed input meter wave V m in Ͻ 1 and perfect detection ͑ ϭ 1͒, the quantum measurement fulfilling the QND criteria ͑T Ͼ 1, V s͞m Ͻ 1͒ can be matched. 20 When we substitute V m in ϭ 0.56 ͑cor-responding to the amplitude squeezing of 2.5 dB͒ and ϭ 0.9 into Eqs. ͑4͒ and ͑5͒, the improved measurements T ϭ 1.12 and V s͞m ϭ 0.75 should be obtained with a 50% beam splitter in this scheme.
The experimental setup is shown in Fig. 1 . Both the LD ͑Spectra Diode Laboratories SDL-5411G1͒ and collimation lens were cooled down to 77 K inside a liquid nitrogen cryostat to increase emitting efficiency. At the low temperature the threshold current, the emission wavelength, and the overall detection efficiency of the LD were 2.5 mA, 815 nm, and greater than 50%, respectively. The amplitudesqueezed light was generated from the cooled LD with weak optical feedback. Owing to the effect of birefringence on the laser and collimating lens at the low temperature, it is difficult to obtain large squeezing of amplitude noise at a given polarization direction. 15 The phenomenon can be explained by the anticorrelation of the photon-number fluctuation between orthogonally polarized fields. 14 In the total output, including two orthogonal polarizations, the fluctuation of the photon number was partially eliminated owing to the anticorrelation, but for the light polarized at a certain direction, the fluctuation increased owing to the absence of the anticorrelation. Usually in experimental systems the polarizer has to be applied. So to keep the anticorrelation, we added a ͞4 wave plate at the exit of the cryostat to compensate for the birefringence to restore the linear polarization of the output field of the LD, and at the same time all anticorrelation components were retained. Then the inserted polarizers or wave plates will not influence the anticorrelation in the light beam, so the squeezing will not be reduced. Our experiment demonstrated that the above-mentioned simple method was effective and that an amplitude squeezing of 2.2 dB was measured, which was much better than that without the ͞4 wave plate ͑1.2 dB͒. The polarizer PBS1 was used to purify further the linear polarization light, and the first ͞2 wave plate was employed to align to the polarization direction of the optical isolator ͑ISO͒. To decrease the optical losses, which are quite harmful for squeezing, both sides of the ͞2 wave plate were coated with antireflection films, and the ͞2 plate also served as the weak feedback element in suppressing the amplitude noise of the laser. Because the light beams that are reflected from the front and back surfaces of the ͞2 wave plate are in phase, there is no unexpected effect on the squeezing of the different phase feedback lights from the two surfaces. The feedback was carefully aligned with the PZT stuck on the ͞2 wave plate to get the maximum squeezing. The second ͞2 wave plate behind the ISO orientated the polarization direction of light relative to the second polarizer PBS2, which separated the input power into two parts: ͑1͒ A small portion ͑ϳ4%͒ transmitted was used as the signal wave, the noise of which was increased to the noise level of a coherent state owing to the large reflective loss, and ͑2͒ the large portion reflected was employed as the meter wave required by the quantum measurement that kept almost all squeezing of amplitude fluctuation and input power. The main part of the system is the QND coupler-a 50% beam splitter that consists of an input polarizer ͑PBS3͒, a half-wave plate, and an output polarizer ͑PBS4͒. The signal and meter input beams have orthogonal polarization, so that the input polarizer superimposes two beams along the input direction of the coupler, the half-wave plate rotates these polarizations by 45°, and the second polarizer ͑PBS4͒ acts as the 50% beam splitter. The evaluation of the characterization of the QND devices requires the measurement of the correlation C 2 ͑␦X s out ␦X m out ͒ between the output signal and meter waves and measurement of the transfer coefficients. To this end, three large-area detector photodiodes ͑PD͒1 ͑EG&G FND100͒, PD2, and PD3 ͑EG&G C30809E͒ are used, and the alternating current ͑ac͒ is amplified by the amplifiers ͑Optical Electronics, Inc. AH0013 and MITEQ, Inc. AU-1310-BNC, and the unit gain bandwidth is 100 MHz͒ and fed into the spectrum analyzer to detect the noise power. The spatial mode matching that was ϳ97% between the input signal and the meter waves at PBS4 was observed by the interference contrast. The phase difference between the input signal and the meter waves was controlled by a serve loop driving the PZT2 to maximize the power of one of the two output waves from PBS4 ͑the other one has minimum effect͒; in this case, the input signal and the meter waves are in phase.
To measure the noise power spectrum of the input meter wave, we blocked the input signal wave and detected the noise power of the input meter wave with PD2 and PD3. Figure 2 shows the measured noise power spectral density with the LD biased at 34.58 mA, which produces a photon current of 9.06 mA at each detector. Curve a is given by the noise spectrum of a photocurrent difference that agrees well with the shot-noise limit ͑SNL͒, and curve b is the sum of two photocurrents. The electronic noise floor is checked to be a maximum of 13 dB. The squeezing of ϳ2.2 dB was obtained in the frequency range between 15 and 35 MHz. If the efficiency of the detection system ͑90%͒ is taken into account, the exact noise squeezing in the meter wave at the beam splitter ͑PBS2͒ should be ϳ2.5 dB.
In the experiment the conditional variance is characterized by the quantum correlation between the output signal and meter waves, which is just the optimum noise reduction of differential photocurrent ͑i 2 Ϫ gi 3 ͒ 2 between the amplified detectors PD2 and PD3 relative to the shot-noise level of the output signal. 22 Curve ͑1͒ in Fig. 3 is the shot-noise power spectrum of the output signal wave that has been checked by the source of red-filtered white light, and it is also calibrated by the wideband infrared LED ͑Hitachi L2656͒ light, the central wavelength of which is 780 nm. Curve ͑2͒ is the lowest noise power spectrum of the different ac photocurrent between two detectors PD2 and PD3, the direct current ͑dc͒ of which is 8.6 mA. The electronic noise level of the amplifier in this condition is 18 dB below the SNL at the analysis frequency of 15 MHz and 12 dB at 30 Fig. 2 . Measured noise power spectra for the squeezed meter source. Curve a, shot-noise limit ͑SNL͒; curve b, noise power of the diode laser with a 9.06-mA dc detector current. Fig. 3 . Quantum correlation for the output signal and meter waves. Curve ͑1͒ is the SNL of the output signal wave calibrated by infrared white light with the 8.6-mA dc detector current; curve ͑2͒ is the difference noise power spectra of the output signal and meter waves.
MHz. The resolution bandwidth of the spectrum analyzer is 300 kHz, and the video bandwidth is 1 kHz. In this case 1.0 dB of noise reduction is found and from that the conditional variance of 0.8 is obtained. As the result for the squeezing measurement, the conditional variance of 0.8 should be shown across the whole frequency range of the measurement. For the difficult measurements system, the decorrelation at the range of low frequencies is due to the presence of modal partition noise for LD; the other elements for decorrelation may be out of the in-phase between the input signal and meter waves, resulting from the servo loop system or the external noise injection during the measurement. 23 For characterization of the optical tap, the signal wave was modulated by an amplitude modulator at rf ⍀ ϭ 21 MHz. A beam splitter of reflectivity R m ϭ 46% in the signal beam extracted a part of the input signal for the measurement of the SNR of the input ͑SNR s in ͒ that can be deduced from the directly measured SNR ͑SNR PD1 ͒ by the detector PD1,
where 1 ϭ 90% is the detection efficiency of PD1. Figure 4 shows the noise power spectra of the photocurrent detected by PD1; the SNR of the input signal SNR s in ϭ 33.9 dB is obtained from the measured date of SNR PD1 and Eq. ͑6͒. Figures 5 and 6 are the SNR of the output signal and meter waves directly detected by the noise spectra of the photocurrents at PD2 and PD3; that is, SNR s out ϭ 19.3 dB and SNR m out ϭ 17.0 dB. The transfer coefficient T ϭ T s ϩ T m ϭ 1.07 is estimated by the detected fraction of the SNR of the output signal and meter waves to that of the input wave, where T is slightly larger than the quantum limit of 1.
In conclusion, we demonstrated for the first time to our knowledge the quantum measurement that met the QND criteria of V s͞m Ͻ 1 and T Ͼ 1 with the amplitude-squeezed LD input meter wave of a beam splitter. In principle the perfect QND can be reached when the amplitude squeezing and detection efficiency are perfect, and the maximum measurements of T ϭ 1.12 and V s͞m ϭ 0.75 will be reached when the squeezing of the input meter wave is 2.5 dB and the detection efficiency of the system is 0.9. In practice the measured transfer coefficient T ϭ 1.07, and the ability of quantum-state preparation V s͞m ϭ 0.8 are obtained. Along with the improvement of LD squeezing and detection efficiency, the quality of measurement must be improved. We believe that with the compact and reliable all-solid-state system, the presented scheme might be useful for practical application. 
